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ABSTRACT 

The phenotype of a temperature-sensitive cell-division- 
cycle mutant of Saccharomyces cerevisiae, mut7, which 
exhibits high spontaneous mutability at the permissive 
temperature, waS Studied in order to elucidate the cause of 
mutability in this mutant. At the restrictive temperature, 
36°C, cultures of mut7 strains appear morphologically 
homogeneous, arresting at the "dumbbell" (mother cell with 
large attached bud) cell-division-cycle terminal phenotype. 
Because the "dumbbell" terminal phenotype is indicative of a 
defect in DNA synthesis and nuclear division, mut7 was of 
interest in the identification of a potential DNA 
replication source of spontaneous mutagenesis in S. 
cerevisiae. 

DNA specific fluorescent Staining revealed the presence 
of a single, unmigrated nucleus in the mother cell of almost 
all (8825%)emut7 “dumbbell"*cells.* The tame’ of thes required 
action of the mut7 gene product was determined by time-lapse 
PhoOtOMmicroscopyeat) Dhel Tresiwictive temperature to occur 
early in the cell cycle, about midway through G1 phase. 

Nucleic acid synthesis studies in cultures of mut7 and 
wild-type strains at the restrictive temperature indicated 
that mut7 is probably defective in the initiation of DNA 
synthesis at the restrictive temperature. This 
interpretation is consistent with the estimation of a G1 
amount of DNA in each mut7 "dumbbell" cell. The failure to 


initiate new rounds of DNA synthesis may be attributed to a 
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DNA synthesis defect and not to a defect in some other cell 
cycle event because the high spontaneous mutability of mut7 
strains implies a close association of the mut7 gene product 
with DNA replication. 

Complementation testing and allelism studies confirm 
that the mut7 allele appears to define a previously 
undescribed cell-division-cycle locus. 

Fluctuation data indicated that the spontaneous 
mutation rate of mut7 strains was enhanced at the semi- 
restrictive temperature, 30°C, compared to the permissive 
temperature, 25°C; this effect was demonstrated at 2 sites, 
hist-7 (locus) and /ys1-7 (locus and suppressor). The 
strongest effect was observed at the /Jys7 locus where a 
5-fold increase in the spontaneous mutation rate was 
observed. Under the same conditions, the spontaneous 
mutation rate of wild-type increased slightly, but this was 
NOwTS TORI icant. Compared to-wilc-type, MUL; Strains at s0-C 
had 3-fola to, iZ-fold higher spontaneous mutation rates, 
depending on the site tested. 

The results are most consistent with a model for mut7 
action where the inhibition of the initiation of DNA 
Synthesis in mut7 strains indirectly enhances the 


spontaneous mutation rate. 
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INTRODUCTION 

Spontaneous mutagenesis in Saccharomyces cerevisiae has 
been studied by the isolation and characterization of two 
types of mutants; those which are deficient in the repair of 
radiation induced damage (the rad mutants) (reviewed in 
Lawrence, 1982) and those which have been selected directly 
for their high spontaneous mutability (the mut mutants) (von 
Bbousteltetcala, 1973e Hastings eftal] Polis 7ejeeuUnii ket the 
procaryotes, bacteriophage T4 (reviewed in Drake, 1973) and 
Escherichia coli (reviewed in Cox, 1976), mutants defective 
in the fidelity of DNA replication have not been identified 
in S. cerevisiae. The studies presented in this thesis 
describe a potential DNA replication mutant of S. cerevisiae 
which exhibits high spontaneous mutability. This mutant, 
MuItF )  waseoriginally *isolatedsby svoneBorstel ettal a) 01973) 
by selecting directly for mutants exhibiting high 


spontaneous mutation rates (mutators). 


Isolation of Mutator Mutants 

Mutants exhibiting high spontaneous mutation rates 
(mutators) were selected directly by a multi-step enrichment 
procedure following EMS mutagenesis (von Borstel et al, 
1973). Colonies exhibiting an enhanced frequency of white 
papillations in a red (ade2-1) strain background were 
selected as potential mutators in the first step of the 
procedure. White papillations could be due to several 


different mutational events including reversion of the 
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ade2-1] ochre nonsense mutation, forward mutation at other 
adenine loci, and forward mutation at ochre nonsense 
Suppressor loci. High frequency papillating strains were 
subsequently tested for reversion of the Jys1/-7 mutation 
(locus revertants and ochre nonsense suppressor mutants) in 
limiting lysine medium and for forward mutation to 
p-fluorophenlyalanine resistance. Strains showing at least a 
2-fold increase in spontaneous mutation frequency were 
retained for further study. Analysis of the mutator mutants 
ofethasecod lectaonrhastdetined! 0) docig) desagnateds MU | 
through MUT710O (von Borstel et a/., 1973; Hastings et al]., 
hI7G-eOrdy MSc @iinesis,  Universnrye ofe Al bentan 1980 Sek. 
Quah, unpublished data). 

The extent of the mutator effect conferred by these 
alleles varies with the spontaneous mutation test system 
used. For mut? through MUT6, mut9 and mut10O the strongest 
mutazorceffects: (up: to 25efoldi greaters than wild-type) are 
limited to mutation at ochre nonsense suppressor loci (von 
Borstelveti als 2.53975>+ Hastings ettal «79 19/6). white! the 
locus reversion rates vary only up to 5-fold greater than 
wild-type, depending on the test system used (von Borstel et 
ale) 197 3¢ehastings! eteaicg, 1976)et Thesmutatoremutantyenut , 
was isolated as a double mutant combination with another 
mutator’ allele, mutG,“ ins a’ single\ Strain.» The double mutant 
combination, mut7mut8, was of particular interest since it 
exhibited the strongest mutator effect of the entire 


collection (50-fold locus reversion of his1-7) and unlike 
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the other mutators isolated, which tended to have the 
strongest effects upon suppressor reversion of /ysi1-1, 
mut7mut8& conferred a large enhancement upon reversion of the 
IVSi=1 Locus (40gfoldeatabletis SakelOuahpiunpubmisied 
data). The strong mutator effect of the mut7mut8 double 
mutant combination was later found to be the result of a 
Synergistic interaction between the single mutator 
mutations. Separation of the mutator mutations mut7 and mut8 
during genetic crossing to wild-type strains revealed that 
each single mutator mutant exhibited only weak mutator 
activity (S-foOldsioramut7 andamutS et the jyvsi—) locus; 

Sa Ole for ue /7eand m0 -foldsior muro at the Wisi=-7 locue: 


Rablewim S.Ksie@uan? wunpublished data). 


Spontaneous Mutagenesis in S. cerevisiae 

The correlation between spontaneous mutability and 
radiation sensitivity is a striking feature of an analysis 
of spontaneous mutagenesis in S. cerevisiae. The radiation 
sensitive alleles, rad3, rad6, and rad51, which define the 
putative first steps of the UV-induced damage repair 
pathways (Cox and Game, 1974), all have enhanced spontaneous 
mutation rates. Furthermore, one of the alleles selected 
directly for high spontaneous mutability, mutS, is an allele 
of rad51 (Morrison and Hastings, 1979). The strength of the 
mutator effect of these radiation sensitive loci is weak, 
beingsabout 3- tov4—-fold gueater than wild-type for 


reversion of /ys/-7 (combined suppressor and locus 
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TABLE 1. Spontaneous reversion rates to histidine 
and lysine independence at 25°C in haploid 
Strains bearing combinations of mut7, mut8 
and their respective wild-type alelles 
(S.-K. Quah, unpublished data). 


Reversion Rater (xtl07*) 


Genotype Strain Lysine Histidine 
Suppressor Leeus Locus 
mut7 XV7 32428 2.4 2.5 1809 
mut8 ZV731S3D 2 209 Sie 5, 
mut7muts RVs7 92280 56 19.9 300 
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reversion) (Brychcy and von Borstel, 1977; Hastings et al., 
(87 6)0) Ofe the radvation! Ssensttivesallelbes? which! defane 
subsequent steps of the repair pathways, some are mutators 
while others are not (Brychcy and von Borstel, 1977; von 
Borstelwet tal. y 1970s 

On the other hand, most (seven out of ten) of the 
mutator alleles, mut? through mut/0, are sensitive to one or 
more of the DNA damaging agents tested so far. These agents 
include UV and gamma-radiation, EMS and MMS (Hastings et 
al., 1976; Nasim and Brychcy, 1979). For example, mut7 is 
only moderately sensitive to MMS and mut8 is not sensitive 
to any of the DNA damaging agents above (Nasim and Brychcy, 
1972)" 

The correlation’ ofGradiation sensitivity with mutator 
phenotype, combined with the finding that yeast mutators are 
weak and numerous in comparison to procaryotic mutators 
(Drakes 197 5e1iCoxse O76)" hastiw@ed=tor thes proposalythate much 
of spontaneous mutation arises by the mutagenic repair of 
spontaneous lesions (Hastings et a]., 1976). Thus, the 
mutator phenotype of the radiation sensitive alleles may be 
explained as due to blocking the error-free repair pathways 
ance thus fOoncinogmrepalt tos occur sthroughi mutagenicenepair 
pathways. 

The isolation of antimutator strains was hypothesized 
to determine whether or not any part of spontaneous mutation 
is a result of DNA replication errors (Hastings et al., 


1976). Because these strains are hypothesized to have lost 
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mutagenic repairecapacities, the 7extentrof ‘their 
antimutagenic effect indicates the proportion of spontaneous 
mutations which result from the mutagenic repair of 
Spontaneous lesions. Furthermore, antimutator strains are 
predicted by this hypothesis of mutagenic repair pathways to 
be repair deficient. Two antimutator mutants, anti and ant2, 
were isolated and found to be UV-radiation sensitive as well 
as affecting the rate of spontaneous mutation (Quah et al/., 
1980). UV survival curves for various antimutator and repair 
deficient mutant combinations demonstrated that ant2 is an 
allele of réev3 and that anti? is epistatic to rev3 (Quah et 
alone oSOSeReVS mutantseare deficrenteinsUVs induced 
mutagenesis and are moderately UV sensitive (Lemontt, 1971), 
falling into the RAD6 epistasis group (Lawrence and 
Christensen, 1976). All induced-mutagenesis deficient 
mutants, which have been studied to date, belong to the RAD6 
epistasis group (reviewed in Lawrence, 1982). Rad6 mutants 
have two major phenotypic effects: they are deficient in all 
types of induced-mutagenesis (UV: Lawrence and Christensen, 
1976; chemical: Prakash, 1976), and they are extremely 
sensitive to DNA damaging agents (reviewed in Lawrence, 
1982). Other mutants in the rad6 epistasis group do not 
exhibit all aspects of the rad6 pleiotropic phenotype and 
therefore, this suggests that rad6 plays a central role in 
the function of this repair group (Lawrence, 1982). Other 
mutants in the rad6 epistasis group may be generally 


classified according to their function into two major RAD6 
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dependent processes (Lawrence, 1982). The first group is 
defective in error-free processes which are required for 
resistance to DNA damaging agents (for example, rad18) and 
the second group is defective in mutagenic processes which 
doonot vcontribute substantially tourésistance (ite. rev3). 
Mutants of the firsthqroup are phenotypically mutators (von 
Borstel et a/., 1971)*presumably because by blocking an 
error-free repair process, the probability of mutagenic 
repair is enhanced. Quah et a/. (1980) have shown that the 
two antimutator alleles, ant? and ant2, belong to the second 
group of mutants which are involved in the mutagenic repair 
process known to be required for induced mutation. 

The antimutator action of ant2 (allele of reéev3) is 
eprstatic) to thesmutaton effect ot rads; radiS, and rads], 
Suggesting that the enhanced mutability of the rad mutants 
is due to a REV3 dependent process (Quah et a/., 1980). 
However, the enhanced mutability of mut1, 1s dependent on an 
ANT? dependent process since the antimutator action of ant? 
Snewnotwantz, eS eprstatire to tEhesmutatonfentect one mir/. 
The antl/ant2 double mutant produces an additive effect on 
reduction of the spontaneous mutation rate. These data have 
led to the conclusion that a least 90% of spontaneous 
mutations are caused by the mutagenic repair of spontaneous 
lesions by ANT? and REV3 dependent processes (Quah et a/., 
1980). Thus, the mutagenic repair process, known to be 
required for induced mutagenesis, is now known to contribute 


highly to the production of spontaneous mutations. 
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The dependence of spontaneous mutagenesis on the 
function of a mutagenic repair process does not necessarily 
exclude the influence of alterations in replication fidelity 
on the spontaneous mutation rate. Endogenously produced 
Spontaneous lesions, resulting from defective DNA 
replicatzon could, “theoretically, provide aisubstrate for 
mutagenic repair’ (Hastings et a]., 1976).°In addition, 
mitotic pedigree analysis of UV-induced mutagenesis suggests 
that mutagenic repair may occur by a mechanism involving 
reduced DNA replication fidelity enabling gap filling to 
occur opposite template lesions (James and Kilbey, 1977; 
Kilbeyretevalt;, 2978+ -Jamesset va/.,© 1978). This mechanism is 
Simularito thatewhichmwast proposed® bypWeekinet (S67) ato 
explain UV-mutagenesis during SOS repair in £—. co/ji. An 
altered form of DNA polymerase I with reduced replication 
fidelity has been isolated from E. col]! cells which have 
been activated for the expression of DNA damage-inducible 
(SOS) Baqenesa (hackeyeeteal .p2 1982) SeThisancove letorinsot! DNA 
polymerase I has been implicated in the proposed mechanism 
of UV-induced mutagenesis during SOS repair because its 
reduced replication fidelity would enable gap filling to 
occur opposite template lesions. Because spontaneous 
mutagenesis and UV-induced mutagenesis in S. cerevisiae both 
require the REV3 mutagenic repair process, this suggests 
that studies on the mechanism of UV-induced mutagenesis may 
provide a useful working model for deducing the mechanisms 


of spontaneous mutagenesis. 
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Although alterations in replication fidelity may 
influence the spontaneous mutation rate through the function 
of a mutagenic repair pathway, a DNA replication defective 
mutator mutant such as has been described in the procaryotes 
has not been observed in S. cerevisiae. DNA polymerase 
mutants of bacteriophage T4 which have mutator or 
antimutator phenotypes have been identified (reviewed in 
Drake, 1973; Kornberg, 1980). Their altered spontaneous 
mutation rates are interpreted to reflect alterations in the 
Faviererepolymerase activity tors e+ S¥fexonucleasesactivity 
(reviewed in Kornberg, 1980). DNA polymerase I and DNA 
polymerase III mutator mutants of £. co/]i have been 
identified but their mutator effects appear to be restricted 
to frameshift mutagenesis and are weak in comparison to 
other E. coli mutators (reviewed in Cox, 1976; Siegel and 
Vaccaro, 1978° Savic and Romacy 1982) ."%On thesother hand, 
mutations at the dnaQ locus, whose gene product is 
implicated as a component of the replication complex (Maki 
Cr al., 19835 Horiuchi: ef als, 1981)7 confer strong general 
mutator effects (100- to 2000-fold increase over wild-type: 
Horiuchieer als, #1979). (Thee3smh> =>" Cexonucleasemactivaty of 
DNA polymerase III holoenzyme which is purified from dnaQ 
and mutD (probably an allele of dnaQ: Cox and Horner, 1983) 
SEramniS wise LOUNGE GO bDeLaerect lve: comparedmtorwild-type 
(Behols ef ai.) 1983). Thus)! ther importance Gi?the?3" > 5° 
exonuclease activity, which is associated with DNA 


polymerase lll, °fore DNA replication fidelitysin’ ee ycol iis 
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established. 

Although a DNA replication defective mutator mutant has 
not been observed in S. cerevisiae, the mut7 allele may be 
aneexamplesofathisstype of mutator mutation. Ord (1980) 
observed the cosegregation of mutator activity and 
temperature sensitivity (at 36°C) in crosses segregating the 
mut7 allele. Coreversion of the mutator phenotype and 
temperature sensitivity showed that both phenotypes result 
from the mut7 mutation. Microscopic examination of a mut7 
culture arrested at the restrictive temperature revealed a 
homogenous "dumbbell" cellular morphology. Thus, mut7 was 
shown to be a cell-division-cycle conditional-lethal 
mutation. Since the "dumbbell" cellular morphology is 
indicative of a defect in DNA synthesis or nuclear division 
(Culotti and Hartwell, 1971), the phenotype of mut7 
suggested that its mutator effect may be associated with 
defective DNA replication rather than mutagenic repair of 


spontaneous lesions. 


Genetic Analysis of the Cell Division Cycle 

The cell-division cycle of S. cerevisiae has been 
analyzed genetically by the isolation and characterization 
of conditional-lethal temperature-Sensitive mutants blocked 
at specific stages of the cell-division cycle (Hartwell, 
WO 197 top Soe 1O76e Hartwelbgel al.,, 1970s) 973° 
CuloteheandeHartwell-y 197.1» Herefbordeandahartwell 7 ei974: 


Reed, 1980). The analysis of these cell-division-cycle (cdc) 


bia eanetnash Casita seneniee ren 
ed3 paitapscuse semeor2 ni (9°74 set reves etiee: squssreqmed 
Bae epytedeag @areium edt to) atcieisies--abebie Sum 
Hioebs! wennsinade died fads bhwote wafvidtanes pusezegee? 
Shige G20 HOP eenimees Diqossé25IW .uct sedder Thun edd moxl 
ge tstnevey s2uSnteqmed ‘svi ii 14282 a> on Gatterse smstue 
sge-Shun «cut? sypofoitarm sstufio> "Liegdmub™ aysospomod’ 
reeaientanaeelees eicya-nGresvib-fiss Ss sd o2 nwode - 
wt, que hargsom stu ites “(jeddmub" adv eonk2 «aos sasum . 
aoieivee SEsiaua, 26 atesdange AMO iseteb 6) 2. evitenibat 
Shieh @o Saydenstig saat .(' TR! ,Ltewrtst Sia isvolwa) 
dat Rersiseeze ed Yam tosiie 2oISIuM 4255 re4 hatespoge | 
fo iianey <lastesum Wotts sadtes jcoldsaolges aa avisssish © | 
ze 2leel Biesrssnoge : 


ain“D GoteiviG 1is2 edz Fo eiaylena 3230 a 

deer cen aetel@enaco. 2 'o slove coietvio-Liss eft 
Heltesizes2si46i9 Bhs Noitsives wt. 49 /lisotsgerep & ” = 
Betaoid etnssum evbsiznse-s 25 4@°4eNss ind te/-deact hin none io 
| bhewsrent ) i fetes id" i lem ary ic al dat aia 2 28 
_ “ € al Ta blswaret) ie {Eva es 


— seein sONBN. fie “i ne 180 
7 - aan 


7 


mutants has led to the concept of the cell cycle as a 
sequence of events organized in a dependent temporal 
sequence, each requiring the expression of specific genes 
(Haréwel leeteal nui S74). 

When cdc mutants are held at the restrictive 
temperature, 36°C, each cell ceases normal development at a 
particular stage, resulting in a morphologically homogeneous 
population of cells exhibiting a characteristic terminal 
phenotype for each particular cdc mutant. In general, this 
parameter 1s locus specific meaning that all the alleles at 
a single cdc locus exhibit the same cellular and nuclear 
morphology when arrested at the terminal phenotype (Hartwell 
et al, 1973). A second parameter, the execution point, is 
defined as the last moment in the cell cycle at which the 
defective cdc gene product must act in order to enable the 
cell to procede into the next cell cycle when being held at 
the restrictive temperature. Because the execution point is 
sensitive to the leakiness of a Cdc mutation, it has been 
found to be an allele-specific parameter (Hartwell eft al, 
1973). Although the execution points for alleles of the same 
cdc locus are similar, the amount of useful information they 
provide is questionable, due to the leakiness of these cdc 
mutants. However, they can be used to provide a rough 
estimate of the time of action of the defective gene 
DECGUGCEI Sm UnCeUOneint therce Mecycle. 

The number of cdc mutants is increasing continually; 


however, at the present time there are about 50 defined 
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loci. The primary defects of these mutants cover all the 
major landmark events in the cell cycle including "Start", 
bud emergence, initiation of DNA synthesis, elongation of 
DNA synthesis, nuclear migration, nuclear division, 
cytokinesis, and cell separation (Figure 1). The first and 
controlling step in the cell cycle, which is known as 
"Start", determines whether or not a cell will procede into 
the next cell-division cycle. Absence of an environmental 
restraint, such as nutrient limitation and mating pheromone, 
enables the "Start" event to be completed, and at this time, 
the cell is committed to the completion of an entire cell 
cycle (Hereford and Hartwell, 1974; Hartwell et a/., 1974). 
SHOLtly aiter the "start”™ event vs completed, 
coincident bud emergence and the initiation of DNA synthesis 
take place (Hartwell, 1974; Johnston et a/]., 1980). Once the 
bud has emerged, it continues to enlarge steadily as the 
cycle progresses. Thus, the size of the bud provides a means 
Ofsestimating the position of a particular icell in its 
division cycle (Hartwell et a/]., 1970). Observation of the 
terminal phenotype of double-mutant cdc combinations, 
composed of single cdc mutants with distinguishable terminal 
phenotypes, has allowed the organization of cdc gene product 
functions into dependent pathways containing at least one 
major branch (reviewed in Hartwell, 1974, 1978). Since the 
regulation of bud emergence has been shown to occur 
independently of the initiation and completion of DNA 


Synthesis and nuclear division, the cell cycle has been 
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Figure 1. The major landmark events of the Saccharomyces 
cerevisiae cell cycle. Abbreviations: BE, bud 
emergence; iDS, initiation of DNA synthesis. 
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shown to branch into two parallel pathways, the nuclear 
pathway and the budding pathway (Hartwell, 1971; Hereford 
and Hartwell, 1974). The sequential function of gene 
products within the nuclear pathways has been determined in 
relation to DNA synthesis (Hartwell, 1976); however, the 
Similar terminal phenotype of the cdc mutants which are 
blocked in DNA synthesis and nuclear division has prevented 
the determination of their temporal sequence by the 
double-mutant approach. 

Diveding thegcelimcycle anto fractions winomre0 sto 1.0 
where 0 is the G1 "start" event, the DNA synthetic (S) phase 
occupies approximately one-third of the cell cycle from 
approximately 0.3 to 0.6 (Figure 1) (Lord and Wheals, 1981; 
Johnston, 1980). Cdc mutants blocked in S phase and the 
Subsequent nuclear division event have a characteristic 
"dumbbell" terminal phenotype which is composed of a mother 
cell with a large attached bud. "Dumbbell" cdc mutants may 
show a variety of nuclear morphologies ranging from a single 
nucleus positioned in the mother cell, to a single elongated 
nucleus positioned at the isthmus between mother cell and 
bud, to a completely divided nucleus. The relative position 
Offacoc mutant Ssexecution porn in the cell cycles 
correlated loosely with the nuclear morphology of its 
terminal phenotype. However, it should be noted that the 
terminal phenotype may not be correlated directly with a 
Pargiculap Stage in thes cell cycle cince cell cycle events 


which are not coregulated with the defective event procede 
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to completivon.© Thus, bud’ growth continues ino cdowmutants 
which are defective in DNA synthesis and nuclear division 
yielding the characteristic "dumbbell" morphology. 

Many different Cdc genes are indistinguishable on the 
basis of terminal phenotype, this being particularly true 
for the "dumbbell" cdc mutants. Moir and Botstein (1982) 
have determined the order of gene function in the yeast 
nuclear division pathway using temperature shift experiments 
involving the temperature-Sensitive "dumbbell" cdc mutants 
and a new collection of cold-sensitive "dumbbell" cdc 
mutants. Their results suggest that the nuclear branch of 
the cell cycle pathway itself contains at least one branch 
and probably many more. Thus, the nuclear branch of the cell 
cycle pathway is not simply a dependent series of events 
but, aS expected, involves complex interactions between 
Var noust COC gene! product functions, 

Cdc mutants which are known to be defective in DNA 
synthesis include the initiation mutants cdc4, cdc7, cdc2 
and possibly cdc6, and the elongation mutants cdc8, cdc9, 
COGC2T (Culotrivand Hartwellyvi97 (+ Hartvells. 197 late Tors: 
1976; Hereford and Hartwell, 1974), cdc4O (Kassir and 
Samchen)©1976)>. and’ possibly cociG (Kno eteagie, 91983). The 
execution points of the initiation Cdc mutants range from 
0.17 to 0.34, and the elongation cdc mutants range from 0.48 


to 0.63, expressed as fractions of the cell cycle (Hartwell 
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Thesgenc productsdofeonlysasiewsot the cocemutants are 
known. Cdc8 is defective in single-stranded DNA binding 
proteinw (Arendes rer eal 2711983) scde21 is*defectiveutn 
thymidylate synthetase (Game, 1976), and Cdc9 is defective 
in DNA ligase (Johnston and Nasmyth, 1978). 

Cdc4 and cdc7 have been classified as initiation 
mutants based on two types of studies. Asynchronous cultures 
of cdc4 and cdc7 undergo a full round of DNA synthesis when 
shifted to the restrictive temperature, as measured by the 
incorporation! oflarradioactive precursors (Hartwell, 01973). 
Furthermore;esynchronous cultures sofecdedeand cdc7; swhich 
are shifted to the restrictive temperature after the onset 
of DNA synthesis, undergo a full round of DNA synthesis 
(Hartwell, 1973). Examination of the structure of the DNA 
from cultures jf cdc4 and cdc7, which have been arrested at 
the restrictive temperature, reveals simple linear 
structures without replication "bubbles" or replication 
forks (Petes and Newlon, 1974). Thus cdc4 and cdc7 appear to 
be true initiation mutants. 

Cdc2 and cdc6 do not appear to be defective in DNA 
Synthesis based on DNA synthesis kinetics in synchronous and 
asynehronous cultures (Hartwell, 1973). However, the 
replication of DNA is dependent upon the prior function of 
the cdc2 and cdc6 gene products. This was determined in 
reciprocal shift experiments involving the DNA synthesis 
inhibitor, hydroxyurea (Hartwell, 1976). Conrad and Newlon 


(1983) examined chromosomal DNA replication in cdc2 mutants 
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by incorporation of radioactive precursors in petite 
derivatives, density transfer experiments and electron 
microscopy. Their observations suggest that cdc2 mutants are 
defeetivevin tan aspect dof imitiatiron foieDNAereplication 
which®is common to'al bichromosomes .\At theyrestrictive 
Pemperature,, arrandomgrract lon (about sone=thi rd) tof the 
ehromosomestiavletro initiate treplication = bursthose which do 
initiate are able to successfully complete replication. 
Bxtrapolatvon from procaryotic DNA repl cat von estudies 
indicates that there are many replication mutants which have 
yet to be identified in S. cerevisiae. Recent studies 
involving the screening of S. cerevisiae temperature 
sensitive mutant collections for mutants which are defective 
in the incorporation of a radioactive precursor into DNA, 
both in vivo (Dumas et a]., 1982) and in a permeabilized 
cell system (Kuo et a/]., 1983), have identified new 
conditional-lethal DNA replication mutants. The 
cell-divisionscycle phenotype, “ivany, of «the new mutants 
isolated by Dumas et a]. (1982) has not been determined. By 
screening the temperature-Ssensitive collection of Hartwell 
eateal we970). Kuo set vale (19832 )mre=ident i fied fede mutants 
which are defective in DNA replication and also identified 
new DNA replication defective mutants which are not cdc 
mutants. In an attempt to identify more DNA replication 
mutants on the basis of their presumably common "dumbbbell" 
terminal phenotype, Johnston and Thomas (1982a; 1982b) have 


isolated the "dumbbell-forming" (dbf) mutant series. Dbf1 
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and dbf2 are defective in the elongation of DNA synthesis 
and dbf3 and dbf4 are defective in the initiation of DNA 
synthesis. The remaining dbf mutants are defective in both 
RNA and DNA synthesis and may, therefore, be defective in 
purine or pyrimidine biosynthesis at the restrictive 
Cemperat urea FrollowanG> the famdimoy that) many oct the 007 
mutants were defective in both RNA and DNA synthesis, 
Johnston and Thomas (1982a) analyzed the kinetics of DNA 
synthesis in cultures of the rna mutant series. This series 
was isolated by Hartwell (1967) as temperature-sensitive RNA 
Synthesis mutants. Johnston and Thomas (1982a) found that 
many rna mutants are also defective in DNA synthesis and 
furchermore’ that Gbf5 Wisian allele ott rna3s: 

Mutation frequency studies at the permissive 
temperature indicate that the Cdc7 (Njagi and Kilbey, 1982), 
CdCSe GdC2Z) (Newton eb al., 1979) and) db-7 “throucm dpr4 
(Johnston! and Thomas, 1982a) mutants tested, do not differ 
in mutator activity from wild-type. Because only one allele 
Gtiteachor these cdc locim@has been testedt! vey is, not 
possible to conclude that these loci have no effect on the 
spontaneous mutation rate. Because cdc2/ is defective in 
thymidylate synthetase, one might expect its mutation rate 
to be altered as a result of pyrimidine pool imbalance. A 
high concentration of deoxythymidine monophosphate (dTMP) is 
mutagenic in Sis cerevisiae, provided’ thatythercelisiare 
permeable to dTMP (Barclay and Little, 1981); however, dTMP 


Starvation has no effect on the mutation rate (Barclay and 
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Eertles:’ 1978) saThuse®thesabsencesot any alteration of the 
mubationsrate in a Cdc2? mutant may be a result of the 
Gecreased), rather thaneincreased, intracellular 
concentration of dTMP which would be expected to be found in 
a mutant lacking thymidylate synthetase. On the other hand, 
mutation frequency studies indicate that dbf6, dbf5 (rna3) 
and rna6 are mutator mutants (Johnston and Thomas, 1982a). 
Because these mutants are defective in both RNA and DNA 
Synthesis, they may be defective in nucleotide synthesis and 
thus, their mutator phenotype may be the result of 
nucleotide pool alterations. 

Thus, none of the mutants which are specifically 
mihibited an thelinitration orvellengation. cfgDNA 
bepdicatrzonsn ine luding 6ac7, weGChee cues) encedo through 


GQbEa have beenjrfound to be mutators in studies to date. 


Purpose of Study 

The cell-division-cycle phenotype of the mut7 mutant is 
unique among the mutator mutants identified in S. 
cerevisiae; none of the rad mutants or the other mut mutants 
are also cell-division-cycle mutants. Because the "dumbbell" 
Cellular morphology is indicative of a defect in. DNA 
Synthesis or nuclear division, the phenotype of mur 
Suggests that its mutator effect may be associated with 
defective DNA replication rather than with the mutagenic 
repair of spontaneous lesions. Mut7 is of interest, 


therefore, in the identification of a potential DNA 
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replication source of spontaneous mutagenesis in S. 
cerevisiae. 

In the studies presented here, mut7 was characterized 
in theetanner efta icell-divisiton=cyvele mutant in forder Uro 
provide information which would be useful in the 
identification of the mechanism by which mut7 increases the 
Spontaneous mutation rate. The experimental approach 
included the determination of the execution point and the 
nuclear morphology of the terminal phenotype. Because the 
"dumbbell" terminal phenotype of mut7 indicated a potential 
DNA replication defect, the kinetics of nucleic acid 
Synthesis in asynchronous cultures, at both the permissive 
and restrictive temperatures, were determined by the 
PAC Or poration sof Va radioactive precursor mto thevacid 
insoluble fraction. Lastly, the mutation rate was measured 
at both the permissive and semi-restrictive temperatures in 
order to determine if the mutation rate is enhanced as the 


mut7 gene product is partially inactivated. 
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MATERIALS AND METHODS 


Yeast Strains 

Tables 2 and 3 list the original haploid strains used 
in this study, their genotypes and their origin. 

Table @ lists the origin of the idiploidestrains 
constructed during the course of this stucy, sand the 
genotypes of the haploid strains derived from these diploids 
are listed in Table 5. 

Strains grown from spores of the tetrad, SJ701-1, were 
used for all the cell-division-cycle phenotype studies 
described here in order to minimize the effects of genetic 
background differences between strains. The wild-type 
Strains were SJ701-1A and SJ701-1C, and the’ mut/7 strains 
Weressuy 0113 sand Sd 701 a1 De 

Spontaneous mutation studies described here measured 
the reversion of the alleles /ys1-7 and hisi-7. The his1-7 
allele is thought to be a missense mutant (Korch and Snow, 
1973) and because of its high spontaneous reversion rate and 
the heterogeneous appearance of the revertant colonies, it 
is believed to revert through internal missense suppression 
(von sBorstel set val.; 1973). The: /Vvsiai vablelegisma 
suppressible ochre nonsense mutation (Hawthorne, 1969) and 
can be reverted either by reversion at the /ys? locus itself 
Or by fouwardsMULation vat any Ot the eign Olasc ul 
SUppressor gene sloci von =Borstelsct 2/2, 19/3). Class 1 


suppressors are tyrosine-inserting, ochre (UAA) nonsense 
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Diploid Origin 
Sd 7/00 RO428-6C 
RO428-6D 
Soma Sa 7.001 
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Sue 416a 
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416a 
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SJ9-3B 
Sd17 cacy 
SJ9-3B 
SJ19 dbf6 
SUS- 5B 
SIZ abEi5 
SJ9-58 
Sad22 cdc4 
SJ9-3B 
Sz rna6 
SJ9-3B 
SJ24 K398-4D 
SU9-3B 
SUZ 5 So 241A 
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Strain 
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Genotype of haploid strains constructed during the 
course of this study 


Genotype 


Q) 


mut 7 
MUT + 


MUT * 
mut7 
MUT * 
mut7 


mena 


MUT * 
MUT + 
mut7 
mut 7 


ade2-1 
ade2-1 


ade2-1 
ade2-1 
ade2-1 
ade2-1 


ade2 


ade2 
ade2 
ade2 
ade2 


Siew 
BVSi=7 


IS) =7 
GPUS 
Sia 
WiSia/ 


iVSae 
IVsiet 


lV Si-i 
LVS ah 
IVs] 


LVst=i 


trp5-48 hom3-10 
trp5-48 hom3-10 


EP D>-46 homs-1O 
EPDD-=95 Moms—10 
EP p>-43 Nons-10 
EP DS=4o MOMs) oO 


Abbreviations: 


see TABLE 2. 
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codon suppressors which are believed to be genes encoding 
tyrosine tRNAs (reviewed in Sherman, 1981). Reversion at the 
lys? locus itself results only in lysine independence 
whereas, a mutation at an ochre nonsense suppressor locus 
will also result in suppression of another ochre nonsense 
allele carried by the tester strains in this study, ade2-1. 
Locus revertants can be distinguished from suppressor 
mutants by the colour of the revertant in medium with a 
reduced adenine concentration; adjusting the adenine 
concentration of the medium does not affect the spontaneous 
mutatuonr rate (Schuler andivon Borstel. @972)R) Loeus 
revertants will appear red because they remain auxotrophic 
for adenine and adeé2 mutants accumulate red pigment; 
Suppressor mutants will appear white because they will be 


prototrophic fior adenine. 


Media 

YEPD is a complex medium for routine growth and 
Vrabitity assays which) consists! of 1% BactomYeastamxtract, 
2% Bacto-Peptone, 2% dextrose and 2% Bacto-Agar. 

YEPG is a complex medium containing a nonfermentable 
carbon source (glycerol) that does not support the growth of 
pat end petemutants, Luconsists® cfs Bac torveastehxtract, 
2% Bacto-Peptone, 2% glycerol and 2% Bacto-Agar™. 

MM is a synthetic minimal medium, which consists of 2% 
dextrose, 2% Bacto-Agar and 0.67% Bacto-Yeast Nitrogen Base 


without Amino Acids. 
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MC (Mortimer Complete) is a synthetic complete medium, 
which consists of minimal medium supplemented with the 
following: L-arginine-HCl, L-lysine-HCl, adenine-sulfate, 
L-methionine, L-tryptophan, uracil and L-histidine-HCl, each 
ata concentration of 20 mg/liter; L-serine and L-threonine 
at 375emg/literpvand Laleucine at (30 mg/liter. 

SC 1S a synthetic complete medium which consists of 
minimal medium supplemented as for Mortimor Complete medium 
with the following additional supplements: L-tyrosine and 
L-isoleucine each at 30 mg/liter; L-phenylalanine at 50 
mo Anucer /eb-glutamie@eacidtand ei -aspartic gacra (atuei00 
mg/liter; and L-valine at 150 mg/liter. SC was used instead 
GHeMC ktore@strains carryrnginutyrtronal ymankers requiring =the 
additional supplements listed above. 

Omission media consist of MC or SC lacking one of the 
Supplements. For example, MC-LYS represents MC medium 
lacking lysine. 

FS (Fogel sporulation) medium is used for sporulating 
diploid strains, and consists of 0.98% potassium acetate, 
(et Edextrose® Or257ebacto-=Yeasm Ex thacer and yims% 
Bacto-Agar, supplemented as described for MC medium. 

Growth limiting liquid media (von Borstel et al., 
1971). These media, used for the mutation rate experiments, 
consist sof Hiquid MG medium withseithen Wysineror hrstidine 
(depending on the reversion rate being measured) present in 
Vimitingsconeenmeation: 1.0 ng/milfounlysimes uo woyml for 


histidine. Limiting lysine medium contains 30% of the usual 
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amount of adenine (6.6 mg/liter) in order to distinguish 
locus revertants from suppressor revertants (Schuller and 


yon>Borstels 11974). 


Genetic Procedures 

Genetic Crosses. Standard procedures for genetic 
crosses in yeast, including the mating of haploid strains, 
SporulatyvonroLl dipioidistrainssand thetidrssectionmoteasc: 
using a micromanipulator, were used (Sherman et a]., 1983). 

Replica Plating. Small patches of cells were 
transferred from a YEPD "master" plate to various types of 
media by printing with a sterile velvet. This allowed the 
identification of nutritional genetic markers by printing on 
omission media, and temperature Sensitivity by printing on 
VEPDEandAineubating rat s7.C. 

Complementation Testing. The genotype and mating type 
of spore clones were determined by complementation. Tester 
Strains and the strains of unknown genotype were streaked 
across separate YEPD plates, grown overnight and then 
replica plated crosswise onto YEPD. After incubation 
overnight, diploids»form at ‘the vintersectionsewhere cells of 
opposite mating type meet. The genotype of the unknown 
Strains was determined by replica plating the cross-streaked 
plates on omission media (for auxotrophic makers) or on YEPD 
followed by incubatiron-ay 26° Ce (for iis markers). 

Allelism Testing. To eliminate the possibility of 


intragenic complementation, diploid strains constructed from 
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haploid strains of complementing markers were sporulated and 
about 20 asci were dissected. Independent segregation of the 
complementing markers indicated their non-allelism. 

Mapping Strategy. A strain carrying the unmapped 
mutation was first crossed to a strain carrying the tightly 
centromere-linked marker, meti4. If the unmapped mutation 
showed centromere linkage, it could then be crossed to a set 
of centromere tester strains which carried centromere linked 
markers for all seventeen S. cerevisiae chromosomes in order 
to determine the chromosomal location of the unmapped 
mubat pone (Mort imon “and ¢Schiid, 1981 Js 

Detecting Centromere Linkage by Tetrad Analysis. An 
exchange between a heterozygous marker and its centromere 
will result in second division segregation (SDS) for that 
marker. A gene is considered to be centromere-linked if it 
shows an SDS frequency significantly less than 0.67. In the 
case of unordered asci, Such as are produced in yeast, a 
tightly centromere-linked marker such as meti4 may be 
included in a cross in order to determine the centromere 
linkage of another marker}; the tetratype frequency of a gene 
against a tightly centromere linked marker then corresponds 
to the SDS frequency of that gene. The map distance, in CM, 
Ofeaugene “fromlitsscentromerevcan béescaliculateduas 
approximately half the SDS frequency (Mortimer and Schild, 
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Culturing Conditions 

The following procedure was used to obtain exponential 
phase cultures for all experiments. Overnight cultures of 
the strains to be tested were subcultured 1/250 in 50 ml 
iiqurd MComedivumeandmineubated ate 26°C Ania 250 misterile 
idasky i watheshaking® tor  (eGhoursteAndrop of@thenovernignt 
culture was spotted onto a YEPD plate and incubated at 37°C 
overnight in order to determine the temperature-sensitive 
phenotype. The cells were collected by centrifugation ina 
clinical centrifuge. The pellet was resuspended in 50 ml 
liquid medium, the density of this suspension was determined 
by haemacytometer readings and the suspension was adjusted 
tomthe appropriate density sby ditmtion with addttronal 


medium, in sterile 50 ml capped Nalgene flasks. 


Measurement of Nucleic Acid Synthesis Kinetics 

Nucleic acid synthesis was followed by the 
incorporationweof va radioactive precursom, @*Couracal® (New 
England Nuclear, specific activity 55 mCi/mmol) into the 
acid insoluble fraction. Exponential phase cultures were 
prepared as described in MC-URA medium and adjusted to make 
25> mivcnltures@atea density Of1235. x01 0° scelts 7 miietoseach 
cultures 250rple(25uCi) WeCcauracimiwastadded, endstnhe 
cultures were swirled and sampled as follows: 100 ul to 
determine the level or radioactive counts in the culture and 


200 ul to determine the level of unincorporated counts which 


are acid precipitable. 


aD peat i ae roar 

paeianenapnartntess rie i 2048 
cide /he.ate\' hentlssuodie weal natant a GON | ae 
drtaesie-tn tab in as 2088 30 tanansnT hae | 
figideave efi To qu - seupansnn Se?=; a 
SE, su Bet adunnd BAk-eretg CHYOR sip? ili 
Svisianee-sivss79qaes of enimaaye6 $2 « 
Sort nortaqus instore Bazsefics a75" ay ly ot a 
iw 02 ot Deboeqevest caw satibgi ag? saloivee! 
bSsningessh 2aw nolansqeve aise Pasizigaabesas ain 
Beshutbs ew nofenedave siz Ons sphihess 7a tamedyaemment ad 
Tenotgidhs dziw nosaulth’ Ye ysiewes sisinqougas sia of 
Jafdef ‘eqspna togess.ta OF sl prsse me josie 
é ry 
ecltamed ajacrapy?, bird ahetout ion SuemeTueseM 
sitz Ya Bavp 2107 2sW atest ing bins oii fob | ha 
“s) fiosxy->* sos Nrsstqg F¥i1 GO tOe 240 solsaapqieont 7 
B49 oon (oan | Sul Se pikes S63 feeds she tite beetgedt 
anew a2syusiun eaada ieitnetogxa .nottogri stautoead Sioa 
eden os beve pha Sane cutbsm AMU-OM of Bedi 1edse ae bsysqemq: 
fees of Jiu ebiss "Ol © 2.6 Jo°yetenst s 7a seaPiosiee ee 
od2 -bia ,Gehbs sev Lroeiued"" (touch oly oes Sra ty) 


oF ly @0! svewelblot es /beigmeé Ere bela ive siae Se 


bie ssvilus-ens na 24nWos svi 7560tbet 26, Tevet of} 
asin einvos Ss2szcqresriqu io isvsel sd7 shimpeaee on 
slissigipeiq, 


32 


The cultures were incubated at 24°C for 2 hours with 
Shaking in a waterbath to equilibrate the nucleotide pools. 
AtmEhiss times, t=Oesamples were takenSas follows: 3800) wie for 
assay) orl counts* incorporateds intoe DNA,» 200: milv tors assay of 
counts incorporated into: total*nucleiceacida and’ 100% "1 for 
determination of the cell count. Sampling was continued at 
either 24°C or 36°C with DNA samples taken every 15 minutes, 
and total nucleic acid samples and cell count samples taken 
every 30 minutes. At the end of the sampling time, a 100 ul 
Sample was taken to determine that the amount of radioactive 
label) had not become dimiting:: 

For determination of the incorporation of radioactive 
counts into DNA, 800 ul samples were placed at room 
temperature in 10 ml capped plastic test tubes containing 
800 nl “Stop mix" (1M NaOH; 3% Sarkosyl:* 50 ug/ml salmon 
Sperm DNA) for approximately 18 hours followed by incubation 
at 80°C for 15 minutes to hydrolyze the RNA. Samples were 
cooled for 5 minutes on ice and then precipitated with 4 ml 
of ice cold 20% TCA. The samples were placed on ice ina 
coldroom for at least 30 minutes to precipitate the DNA, 
before collecting on GF/B filters (Whatman). 

For determination of the level of incorporation of 
radioactive counts into both RNA and DNA, 200 wl samples 
were’ placed in 10 ml capped’ plastic test tubes containing 2 
mi ice: coldasd0%) TCAs and* were kept on icemane®a coldroom until 
the end of¥the sampling period. At) this: time; the acid 


precipitated samples were collected on GF/B filters. 
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Fach sample was decanted, under suction, onto a GF/B 
Prbeen the ld einea Mi Vivporesirltrati omrapparatusi« Theutest 
tube twas: rinsed itwice witheice scolid 5% TCA and #theerinses 
were addéd to the (iiltera The “filter was "removed with 
Millipore tweezers and pinned to a labelled styrofoam board 
and tdnured "overnight inive -65°G*oven. 

HOoredetermindtiien tcf the levelitot tradioactivescounts an 
the culture, 100 ul samples were placed in Eppendorf tubes 
Containing imi ice cold 10% TCAvand were left ‘om ice in a 
coldroom for at least 10 minutes. Following a 5 minute 
microfugation, 20 wl of the supernatant was sampled directly 
onto a GF/B filter from a micropipette. 

When dry, the filters were placed in scintillation 
Vials with iS ml telvenesiluor (4 1 soluenes 024g "POPOP* 20 
g PPO). Filters were counted in a Beckman scintillation 
counter and the data were expressed as counts per minute 
Gepmyrs 

For determination of the cell density of the culture, 
100 wl samples were placed in Eppendorf tubes containing 900 
feeivxative ((O015aM NaCl) 397% “formaldehyde "andewere 
reprigerated. ‘Thewcelbl density ofiehesetsamplestwas 


determined by counting in a haemacytometer. 


Growth and Survival Curve Experiments 
Exponential phase cultures were prepared as described 
an@ead usted to make 18 miscultures®ar scdemsrty cie2 5x 


10*§ cells/ml. The cultures were incubated with shaking at 
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36°C in a waterbath for 7 hours and samples were removed at 
reguiar intervals; ,every half*hour forthe firsts3 hours, 
and then every hour for the next 4 hours. One ml samples 
were placed in 9.0 ml standard lab buffer (1/15 M monobasic 
potassium phosphate; pH 4.7) The samples were diluted 
further in standard lab buffer and for each sample, two 
dilutions were plated on YEPD plates in order to determine 


BhnemcelMeviabiivey byseolony-formingyabilitye 


Monitoring Cell Number and Cell Morphology 

Culturing and sampling conditions were the same as 
described for the growth and survival curve experiments; the 
1.0 ml culture samples were placed in 9.0 ml of fixative 
(0.15 M NaCl; 3.7% formaldehyde). The fixed samples were 
observed microscopically for cell number and cell morphology 
uSing a haemacytometer. Each plating unit was classified 
according to the following categories: unbudded cell, cell 
with small bud (less than 0.3 diameter of mother cell), cell 
with large bud or "dumbbell" (greater than 0.3 diameter of 
mother cell) and multi-budded cell. From these data, the 
cell number, number of plating units and the percentage of 


cells with large buds ("dumbbells") were determined. 


Fluorescent Nuclear Staining and Photomicroscopy 
A fluorescent DNA-binding agent, 4',6-diamidino- 
2-phenylindole (DAPI; Sigma), was used to detect: the nuclear 


morphology of yeast cells according to the staining 
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procedure of Williamson and Fennel (1975). Exponential phase 
(15 ml) cultures were prepared as described and adjusted to 
asdensity of7ivsi10ercells/misitTheselculturesaweresineubated 
eatmsc Cylorrd hoursiwiths shakingsintauwaterbatheaAnter 
incubation, each culture was poured into a large capped test 
tubes with: GSimlrofy95Z0ethanolvtoegqivesaytinareethano! 
concentration of approximately 70%. The cells were fixed for 
30 minutes at room temperature and then collected by 
centrifugation. The pellet was resuspended in 15 ml sterile 
GastiliedsH O with? 600enl DAPI estainingesolution (10 pg/ml 
in distilled H20) and incubated overnight at 4°C. One ml 
aliquots of each culture were microfuged for 5 minutes in 
Eppendorf tubes, and the pellet was resuspended in 200 ul 
40% polyethyleneglycol (PEG) to immobilize the cells during 
photomicroscopy. Cell clumps were dispersed by sonication 
(10 sec, 35% power, thin probe). 

The stained cells were observed through a Leitz 
Orthoplan microscope equipped with epi-fluorescence and 
Ploem optics. Since DAPI requires a 365 nm excitation 
wavelength, filter type "A", which produces an emission 
Wavenengem Lesc than 295 min was used seine cells@were 
observed with a 63x oil objective. 

For photomicrography, Tri-X (ASA 400) film was exposed 


for 1.5 minutes and then developed as for ASA 1000 film. 
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Time Lapse Photomicroscopy 

The execution point of mut7 was determined by the 
method of Hartwell ‘et al. (1973). Cells from an exponential 
phase culture were spotted onto agar plates prewarmed to 
36°C, photographed immediately, and again after 6 hours at 
36°C. Approximately 100 cells were observed and scored as to 
whethemerhey hadtarrested finsthetiunst or second cell cycle. 
From these data, the execution point was calculated and 
expressed “as taléraction tof theiccel bicycle AeThe method tof 
computation is as follows (Hartwell et al., 1973): 


N #2 fivacttt onvet ice Miusitthat predicettwo tce liroeat 
restrictive temperature 
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Measurement of Spontaneous Mutation Rates: The 
1000-Compartment Fluctuation Test 

Measurement of Reversion Frequency. Suspensions of 1 x 
10’ cells/ml were made from single colonies grown for three 
days on YEPD. From this suspension, 0.5 ml was plated on 
Gach Of two plates of Omission medium (MC-HIS=or MG-LYS)\, to 
determine the frequency of pre-existing revertants, and 0.24 
ml waS inoculated into 1200 ml of limiting liquid medium. A 
1/10 dilution of the inoculated medium was made and 0.5 ml 
Wasnplared on each On tWO VHPD yplatec tome ermine the 
number of viable cells/ml in each flask. The medium was 
stirred continuously with a sterile magnetic stirrer while 
1.0 ml aliquots were collected in ten 100-compartmented 


culture boxes using a Brewer Automatic Pipetting Machine, 
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model No. 60453 (Baltimore Biological Laboratory). The 
calibration of the syringe was checked before and after each 
experimente@by collecting 20rsquirtsminrar25eml graduated 
cylinder. After being filled,-each box was sealed with 
masking tape," placedaume 2ip-LocmStorageubagce inesets of 
fivemsandiineubated, ate25°C (permissive) eorgs0cG 
(SemP-restrictive forpmuUtze strains) = 

Revertants to lysine (or histidine) independence could 
continue to grow after: the supply of lysine (or histidine) 
had been depleted and, therefore were capable of forming 
colonies. After 12 days incubation, the number of revertants 
in each compartment and the total number of revertant- 
containing compartments were recorded for each box. The 
numbersofecell divisionsewhichyoceunredobetorer thes limiting 
nutrient was depleted was determined by counting the number 
of cells/ml in two compartments without revertants in each 
box according to a prearranged pattern. 

Computation of Mutation Rates. The number of revertant 
colonies in independent compartments was assumed to follow a 
Poisson distribution. To calculate the reversion rates, the 
number of compartments without revertant colonies was used. 
The method of computation was as follows (von Borstel et 
en (RSA OS 

Let N be the number of compartments in an 
experiment, and No the number of compartments 
without revertants, From the zeroth term of a 
Poisson distribution we have 

eo eNa7 N 


where m equals the average number of mutational 
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events (not mutants) per compartment. Most of these 
mutational events are due to new mutations arising 
during the growth of the cells in the limiting 
medium, but some are due to mutants, present in the 
InoculumesWe correct forsthis: "background!" by 


Mg = M~Mg 


where mg, is the average number of mutants per 
compartment in the inoculum (as determined by direct 
plating), and mg is the corrected average number, 
1.e., the mutational events occurring during the 
growth in the compartments. This can be converted to 
the mutational events per cell per generation, M, by 


M = mg /2C 


where C is the number of cells per compartment after 
growth has ceased in the limiting medium. The factor 
of two in the denominator is necessary because the 
number of cell generations in the history of a 
culture 1S approximately twice the final number of 
eelis. Actually, the'’proper value for thisenumerical 
factor depends upon the point(s) in the cell cycle 
at which growth is terminated in the limiting medium 
and also upon the distribution of mutation 
produc&kionwoversthe cell cycle .m@Sincerieienters only 
as a scale factor in all mutation rate calculations, 
relative mutation rates are unaffected by the value 
used. 


This method for determining mutation rates is 
due to Luria and Delbruck (1943). The principal 
advantage of the method is that the results are not 
affected by many types of selection. Since we only 
score the presence or absence of a mutational event 
in a culture, it is clearly irrelevant whether the 
mutants grow faster or slower than non-mutants. 


In those experiments where the mutants are 
further analyzed into categories the mutation rate 
may be partitioned by 


M; = {,M 


where M; is the mutation rate (per cell per 
Generation) bor Ehesithecavegoryeandaig: domtnhe 
fraction of the mutants tested which were found to 
bes in’ the teh category. 
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RESULTS 


Temperature Sensitive Phenotype of mut7 Haploid Strains 

When exponential phase cultures of wild-type and mut7 
Strains were shifted from 25°C to 36°C, the wild-type 
strains continued to grow at an exponential rate whereas the 
mut7 strains ceased growth (Figures 2 and 3). After an 
Mitel lageOL plihOur ps the wild-type sural Mos sume (Awana 
SJ701-1C, grew at an exponential rate with a generation time 
Orie oe NOuULs.. ne Mb festrains, -oJe0 lt 1B..ane Sov 01 Tor 
iMmucially showed cessation of growth for about. 2 hours 
followed by exponential loss of viability, which was 
measured as colony-forming ability. After 7 hours at the 
restrictive temperature, 36°C, the mut7 strains showed about 
25% survival. These data established the temperature 
sensitive phenotype of mut7 haploid strains and the 
temperature insensitivity of the genetically related 


wild-type haploid strains. 


Cellular Morphology of mut7 Haploid Strains at the 
Restrictive Temperature 

When exponential phase cultures of wild-type and mut7 
Strains were shitted from 25°C to 36°C, observation of the 
cellular morphology revealed that the proportion of 
"dumbbell" cells in the mut7 culture increased steadily with 
time of incubation, whereas the proportion of "dumbbell" 


cells in the wild-type culture did not increase (Figure 4). 
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Figure 2. Survival of the mut7 haploid strains, 9Su70d= 1D 
after exposure to the restrictive temperature, 
56°C. 
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Figure 3. Growth of the wild-type haploid strains, SJQ1-1A 
and Sd 70d =1G,2 av 36.C. 
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Figure 4. Proportion of “dumbbell” cells in tculturcesso: 
the wild-type and mut7 haploid strains, SJ701-1A 
andesad JON Beat ooo. 
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At the permissive temperature, 25°C, both the wild-type and 
mut7 cultures showed about 50% "dumbbell" cells. After a 
shift to the restrictive temperature, 36°C, the wild-type 
culture initially showed a steady decline to a stable 
Proportion of 30 to 4075 "dumbbell cells which may vetlect 
the faster growth kinetics at the higher temperature. On the 
Othetemnand; ~ehe proportion ore dumbbell" celle inane mut 
culture steadily increased until, after 6 hours at the 
restrictive temperature, greater than 95% of the culture had 
eollected at ther dumbbell” “cellular morphology. Thus, muc7 
iS a cell division cycle mutant: «at the restrictive 
temperature, mut7 strains produce morphologically 
homogeneous cultures exhibiting the "dumbbell" terminal 


phenotype. 


Terminal Phenotype of mut7 Haploid Strains at the 
Restrictive Temperature 

DNA specific fluorescent straining with DAPI 
(Williamson and Fennell, 1975) revealed the nuclear 
morphology of the mut7 terminal phenotype. A single nucleus, 
which had not migrated to the isthmus between the mother 
cell and the bud of each "dumbbell", was present in the 
mother cell of almost all (83.5%) of the "dumbbell" cells in 
aA culture of the MUL’ Strain, Sd/O01l-1B, Incubated at the 
restrictive temperature for 4 hours (Figure 5). Under the 
Same conditions, the wild-type strain, SUJ70ji-1A, showed a 


variety of cellular and nuclear morphologies as would be 
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Figure 5. Nuclear and cellular morphology, revealed by DNA 
specific fluorescent staining, of the wild-type 
and’ muty haploid strains, SJ70 lS i Awand: ou 701— BF 
aicer 4.hours ineubatrvon at sou. 
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expected in an asynchronous, exponential phase culture. 

A sample of 124 cells from a mut7 culture which was 
arrested at the restrictive temperature, was scored for 
nuclear and cellular morphology after DAPI staining. A small 
portion (2.4%) of the sample was arrested at an unbudded 
cellular morphology whereas, most of the sample (97.6%) had 
been arrested at a "dumbbell" cellular morphology. Of the 
Ndumbbeil" scells)}®acsroqnificant portions (14.0%) eshowed a 
nucleus which had migrated to the isthmus and a small 
portion (2.5%) showed a divided nucleus. However, the 
majority of "dumbbell" cells (83.5%) showed the presence of 
a single nucleus which had not migrated to the isthmus. Both 
the mother cell and the bud of the mut7 "dumbbell" cell were 
enlarged in volume in comparison to the wild-type cells 
under the same conditions (Figure 5). When held for extended 
periods of the time at the restrictive temperature (8 hours 
or more), both the mother cell and bud developed an 
elongated morphology which is similar to that which is 
observed in wild-type cultures reacting to mating pheromone 
(data not shown). Thus, although some diversity in the 
terminal phenotype of mut7 was found, the majority of cells 
(82°) anasmutfecultures alter e4ehoursvincubationsetmche 
restrictive temperature, exhibited the uninucleate, enlarged 


"dumbbell" morphology. 
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Execution Point Determination for mut7 Haploid Strains 

The, executicn point, which 16)the tume of action tor 
the mutant gene product, was determined for the mut7 haploid 
Strain, SJ701-18, by the method and calculations of Hartwell 
el a]. (1973). A Sample of 105 cells was observed and scored 
as to whether arrest at the "dumbbell" morphology had 
eccurred in the first or second cell ‘cycle after 6 hours at 
the restrictive temperature. Most of the culture (82%) were 
arrested in the second cycle, resulting in the production of 
two "dumbbell" cells, whereas a smaller portion of the 
culture (18%) were arrested in the first cycle, resulting in 
the production of a single "dumbbell" cell. From these data, 
the execution point of mut7, expressed as a fraction of the 
cellveycle,. was calculated to be 0.14.,.in terms of the 
landmark events of the cell cycle, this point is midway 
through the G1 phase. This result was supported by 
time-lapse photomicroscopy data which revealed that unbudded 
cells, at the time of the temperature shift, stopped in the 
first cycle, whereas budded cells (ranging in size from very 
small to large) stopped in the second cycle after the 
temperature shift (Figure 6). Thus, the execution point of 
mut7 occurred very early in the cell cycle, immediately 


Prior to budvemergence. 
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Time-lapse photomicroscopy of cells from the 
mut7 haploid strains, (Sd7/01-i Brandes i=, 
the restrictive temperature, 36°C. Arrows 
designate cells at the morphological stages 
which flank the execution point. 
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Nucleic Acid Synthesis Kinetics in Asynchronous Cultures of 
mut7 and wild-type Haploid Strains 

The kinetics of RNA and DNA synthesis were determined 
Over several hours at both the permissive and restrictive 
temperatures in asynchronous cultures of wild-type and mut7 
Strains by the method of Johnston and Game (1978). 

At the permissive temperature, 25°C, incorporation of 
radioactive counts into both RNA and DNA increased at an 
exponential rate in the wild-type and mut7 strains, SJ701-1A 
and SJ701-1B (Figures 7 and 8). At the restrictive 
temperature, 36°C, incorporation of radioactive counts anto 
both RNA and DNA increased at an exponential rate in the 
wild-type strain, SJ701-1A (Figure 9). However, whereas 
incorporation of radioactive counts into RNA increased at an 
exponential rate in the mut7 strain, SJ701-1B, incorporation 
into DNA was inhibited relative to the wild-type strain 
(Figure 10). 

The interpretation of the differences in nucleic acid 
synthesis kinetics between mut7 and wild-type strains at the 
restrictive temperature was facilitated by the simultaneous 
determination, by haemacytometer, of the cell density of 
these radioactively labelled cultures. The increase in cell 
density of the exponentially growing mut7 and wild-type 
cultures was transiently inhibited (45 to 60 minutes) upon 
Shipcing trom 25°C bo. 36°C (Figure Wie srollowing this 
period of imbibition the wild type culture Tecumed van 


exponential rate of increase in cell density with a doubling 
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Figure 7. Nucleic acid synthesis in an asynchronous 
culture of the wild-type haploid strain, 
SJ Ol TAY ate oC. 


56 


24 


24 


20 


WT (1A) 


20 


16 


Ie) 


(YNH ©) » OL X wdo 


N 
— fee) 


O 
N 0O 


(VNG Vv) ¢_OL x wdo 


Time at 25°C (hours) 


ale 


aA ae 


ge ragiel 


(qmeepe tM 


+ li 
~ 


———$——— 


Ee 

| SO $$ —_$. -—— 

ee Pr 
4“ a3 


ome 
oe 


— 
ie) 


(AAO) PCOP ~ map 


oY) 


Figure 8. Nucleic acid synthesis in an asynchronous 
culture of the mut/ haploid.strain a suvU ib eat 
the permissive temperature, 25°C. 
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time of 1 1/2 hours for the remaining course of the 
experiment (Figure 11). On the other hand, the mut7 culture 
showed an exponential rate of increase in cell density which 
waS approximately half the rate of the increase shown by the 
wild-type culture under the same conditions (Figure 11). The 
rate of increase in cell density of the mut7 culture slowed 
after about 3 hours at the restrictive temperature by which 
time the cell density of the mut7 culture had almost doubled 
from that at the time of the temperature shift and about 85% 
of the cells in the culture displayed the "dumbbell" 
cellular morphology. 

The rate of incorporation of radioactive counts into 
RNA in a mut7 strain at the restrictive temperature 
increased exponentially, but at a slower rate than 
wild-type, throughout the course of the experiment; however, 
after 2 hours at the restrictive temperature incorporation 
into RNA in the mut7 strain slowed slightly relative to the 
imptial rate of incorporation into RNA. The slower vate of 
RNA Synthesis 15 consistent with the slower rate of increase 
in cell density also seen in the mut7 culture compared with 
the wild-type culture at 36°C (Figure 11). Because RNA 
synthesis generally continued to increase exponentially 
while cessation of cell division was occurring, these data 
indicated than RNA synthesis was uninhibited in a mut7 
strain at the restrictive temperature. 

The rate Of incorporation of radioactive counts into 


DNA in the mut7 strain at the restrictive temperature 
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Figure 9, Nucleic acid synthesis in an asynchronous 
culture of the wild-type haploid strain, 
So] Osa a tasomc. 
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Figure 10. Nucleic acid synthesis in an asynchronous 
culture of the mut7 naplotd@straim,, Sd70 l= ibe 
the restrictive temperature 36°C. 
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Figure 11. Relative increase in the cell density of 
radioactively labelled cultures of the wild-type 
and mut7 haploid strains, SJ/7/01—-1A “and”"SJ/0y—1Be 
at 36°C. Data are expressed in terms of 
haemacytometer counts relative to the to 
GOnLeol. 
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initially increased exponentially, but at a slower rate than 
wild-type; however, the rate of incorporation into DNA 
stowed taiter caboutret)17/2ehourstandc veeasea tosincreasea after 
Saboubezwhours “incubation time vin lthesmut7estrainval 36°C. A 
defect blocking the elongation of DNA synthesis would be 
expected to produce an immediate cessation in the 
incorporation of counts into DNA. Therefore, the observation 
that radioactive counts continued to be incorporated into 
DNA in the mut7 strain following a shift to the restrictive 
temperature 1S not consistent with a defect in the 
elongation of DNA synthesis. Because total cessation of DNA 
Synthesis was observed to occur following an initial delay, 
these data were indicative of a defect in the initiation of 
new rounds of DNA synthesis while allowing rounds of DNA 


synthesis in progress to procede to completion. 


Genetic Analysis of the mut7 Mutation 

The mut7 mutation complemented the other conditional 
‘ethapeceWiedrvisron acyeleemutat rons, coG) through cdc3as, 
ceded, dbF5 and adbro. To ensure that intragenic 
complementation was not occurring, mut/7 was tested for 
allelism with mutants of similar phenotype by making generic 
crosses and observing the segregation of alleles among the 
dissected wspores. Alielesmiwathicdc2 wasetesvedsbecause of 
its similarity to mut7 in both terminal phenotype and 
execution point; allelism with cdc4 and cdc7 was tested 


because of their Similarity to mut7 in the kinetics of DNA 
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synthesis at the restrictive temperature (Hartwell, 1973); 
allelism with dbf5, dpf6, and rna6- was tested because, like 
mut7, they are temperature sensitive mutators, however, 
unlike mut7, they are defective in both RNA and DNA 
Synthesis (Johnston and Thomas, 1982a). Since 
non-temperature sensitive spores were segregated in each of 
these crosses, mut7 was found to be non-allelic with these 
mutations, 

in aneattrempretormaplthermuc7 i mutation, a muG7ostraan 
OSdo -SBimwasacrossed to saastsaimrearrying Che ieughtly 
centromere-linked marker, met14 (SJ24-1A). The diploid 
Strain (SJ25) was sporulated and the segregation of the 
alleles among the dissected spores was observed. 
Classification of the tetrads produced by this cross gave 
she vtollowing j@atasmz2ertetratype, C6 parentale@ditypey mand: 7 
non-parental ditype tetrads (SDS=0.75). Since a mutation is 
considered to be centromere-linked if it shows an SDS 
frequency which is significantly less than 0.67, mut7 does 


not show centromere linkage. 


Spontaneous Mutation Rate Determination 

Using the 1000-compartment fluctuation test (von 
Borstel, 1978), the spontaneous reversion rates for the 
allelestivsi=i (locus *reverrantsrpandvochreanomsense 
Ssuppressonemutants) mandnaisis7, @inewild-type andgnot7 
Strains, were determined. Reversion rates at the permissive 


temperature, 25°C, were compared to those at the 
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semi-restrictive temperature, 30°C. Survival of muit7 
strains, measured as colony forming ability, decreased only 
20%-at 30°C) eoomparea to wild-type. 

Effect of the mut7 Allele on Reversion Rates to 
Histidine Independence. Compartment test data for mut7 at 
25°C Showed a slight ancrease (less than twofold: €5=3.13, 
0.05>p>0.025) over wild-type in production of locus 
revertants at Hisi-7 (Table 6). 

At the semi-restrictive temperature, 30°C, compartment 
data showed a fivefold increase (t2=7.61, 0.01>p>0.005) over 
wild-type in production of his/-7 revertants in mut7 strains 
CRatil eg.) 

Comparison of the Aisi-7 reversion rates at the 
permissive temperature, 25°C, to those at the 
semi-restrictive temperature, 30°C, indicated that the 
reversion rates do not differ significantly between the two 
temperatures for wild-type strains (t2=0.16, p>0.10). 
However, data for mut7 at 30°C showed a threefold increase 
Cre) S07 0. Ole pe U. 00S) Over MUL, at 25°C Imeproduciuionm.ot 
his1!-7 revertants. Thus, the mutator phenotype of mut7 was 
temperature dependent; the mutator activity of mut7 was 
enhanced by raising the incubation temperature to the 
semi-restrictive level. 

Effect of the mut7 Allele on Reversion Rates to Lysine 
Independence. Compartment test data for mut7 at 25°C showed 
an insigniticant dutference (less han cwotold; 7-136, 


p>0.10) over wild-type in production of ochre suppressor 
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revertants for /ysi-?/. On the other Hand, data showed ‘a 
SENONGEL increase (fourfold* t5=3589, 0. 05>p-0.025) over 
wild-type in production of revertants at the /ys? locus 
itself (Table 8). 

At the semi-restrictive temperature, 30°C, compartment 
data showed a threefold increase (t2=14.43, 0.005>p>0.0005) 
in production of Jys1-1 suppressor revertants; however, the 
strongest effect was observed for the /ys? locus where 
revertants increased twelvefold in rate (t2,=6.89, 
OR025>520-01) rapier: 0) 

Comparison of the Jysi/-7 reversion rates at the 
permissive temperature, 25°C, to those at the 
Seml-restrictive temperature, 30°C, indicated that reversion 
rates did not differ significantly between the two 
temperatures fom wild-type strains (locus? t[=120, p-0- 10. 
Suppressor: t2-2.79, 0.1>p>0.05). However, data for mut7 at 
30°C showed a twofold increase (t,=4.54, ©0.025>p>0.01)' over 
MUL, abe25°C* in production of JVSi—=/] suppressonm revertants 
ana showed a fivefold imcrease (t27=5.97, 0. 01>p-0).005)) over 
Meiey “ace 25° Cain pEoductiony ofe/VS/-] locus=revertants:. 

In summary, compartment test data for mut/7 at the 
semi-restrictive temperature, 30°C, showed an increase over 
Wiubc-type imeproduction ol all types of revert tancs observed 
with the strongest effect observed at the /ys7 locus. 
Furthermore, data for mut7 at the semi-restrictive 
temperature, .30@, snowed an increase over mut7 at the 


permissive temperature, 25°C, in production of all types of 
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DISCUSSION 

In the studies presented here, mut7 was characterized 
as a conditional lethal cell-division-cycle mutant in order 
to provide information which would be useful in the 
identification of the mechanism by which mut7 increases the 
spontaneous mutation rate. 

The temperature sensitive phenotype of mut7 was shown 
by the decreased survival of mut7 strains after incubation 
at the restrictive temperature, 36°C (Figure 2). Growth 
arrest followed by exponential loss of colony-forming 
ability in mut7 strains began after 2 hours at the 
restrictive temperature, whereas wild-type strains under the 
Same conditions did not show growth arrest (Figure 3). The 
temperature sensitivity of mut7 was accompanied by a 
distinceaichange, intceliulare@monphology. Thempropontion o£ 
"dumbbell" cells in a mut7 culture steadily increased with 
time, whereas the proportion of "dumbbell" cells ina 
wild-type culture did not increase (Figure 4) following a 
shift to 36°C. After 6 hours at the restrictive temperature, 
more than 95% of the cells ina mut7 culture had collected 
at the "dumbbell" cellular morphology. Thus mut7 was shown 
to be a cell-division-cycle mutant; at the restrictive 
temperature mut7 produced morphologically homogeneous 
cultures which exhibited the "dumbbell" terminal phenotype. 

DNAG Specifics fluorescent [staining revealedethesnuclear 
morphology of the mut7 terminal phenotype. A single, 


unmigrated nucleus was contained in the mother cell of 
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almost all (83.5%) mut7 "dumbbell" cells (Figure 5). Other 
eell-division-cycle mutants which Share this terminal 
phenotype are cdc2 (Culote: and Hartwell, (971)\) whiten is 
detective in the initiation of DNA synthesis, and op; 5) (cata 
not shown). Time-lapse photomicrography enabled the 
execution point for the completed action of the mut7 gene 
product to be determined. The execution point was determined 
to occur early in the cell cycle, in G1 phase, at about 
midway between the landmark events of "start" and bud 
emergence (Figure 6). This position corresponded to the 
execution point range exhibited by previously identified 
"dumbbell" cdc mutants which are defective in the initiation 
of DNA synthesis (Hartwell et a]., 1973). The 
cell-division-cycle parameters, terminal phenotype and 
execution point, of mut7 are shown with respect to the major 
landmark events of the S. cerevisiae cell cycle in Figure 
dinlee 

By measuring the incorporation of a radioactive 
BRecursor into nucleic acid jm Vivo, the RNA and: DNA 
Synthesis kinetics in cubeures OfsmUl/ nd wrld-ty pe strains 
were determined. At the permissive temperature, 26°C, the 
RNA and DNA synthesis kinetics of the mut/ and wild-type 
Strains were Similar (Figures 7 and 8). At the restrictive 
temperature, 36°C, the RNA synthesis kinetics of the mut7 
Strain were similar to the wild-type strain, whereas the DNA 
synthesis kinetics of the mut7 strain were inhibited 


relative to the wild-type strain (Figures 9 and 10). Thus, 
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Figure 


eae 


The terminal phenotype and execution point of 
mut7 shown with respect to the major landmark 
events of the S. cerevisiae cell cycle. 
Abbreviations: BE, bud emergence; iDS, 
initiation of chromosomal DNA synthesis. 
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the mut7 strain appeared to be specifically defective in a 
DNA synthesis function. 

Determining the cell density of these radioactively 
labelled cultures allowed the further interpretation of the 
differences in nucleic acid synthesis kinetics between the 
mut/7 and wild-type strains at the restrictive temperature. 
The increase in cell density and the distribution of 
cellular morphologies in the radioactively labelled 
wibds=typesand muG/ seul tunes ate36°Gu(higure. 11 idataunot 
shown) were in agreement with observations of unlabelled 
wild-type and mut7ecultures =abis6°C (Figures 2hand 35 data 
not shown). Furthermore, the transient inhibition of the 
increase in cell density which was seen in both wild-type 
andumut7 cultures upon shaftingeto 268cegiseconsrstent with 
previously published observations (Hartwell, 1973). 

The level of incorporation of counts into RNA generally 
continued to increase exponentially while cessation of cell 
division was occurring in the mut7 strain at the restrictive 
temperature. This observation indicated that RNA synthesis 
was’ uninhibited in the mut7 strain at the restrictive 
temperature. The level of incorporation of counts into RNA 
in the mut7 strain at 36°C increased»at a slower rate than 
in the wild-type strain; however, the slower increase in the 
Gellsdensitysot thei muc7 culture compared withithe wild-type 
culture accounts for the observed differences in RNA 


Synthesis kinetics between the wild-type and mut7 strains at 


56°C. 
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the leveleortincorporation of counts into DNA initially 
increased exponentially followed by total cessation of 
funthersincorporation taiter 2ahcurs tinsthe onup7 -straimeat 
the restrictive temperature. Although the DNA synthesis 
Kinet iessotSthelmutzastrain Gat \the restrictive atemperatures 
36°C? Werewinhibitedtrelarive to wildstyper thetinneial 
increase in the incorporation of counts into DNA in the mut7 
strain was not consistent with a defect blocking the 
elongation of DNA synthesis. An elongation defect would be 
expected to result in the immediate cessation of 
InNeoOLpOrationwot ycountSs “im PORDNA Tiollowing=atshitt tosthe 
restrictive temperature. On the other hand, an initiation 
defect, allowing only rounds of DNA synthesis already in 
progress to procede to completion, would be expected to 
produce an initial small increase in the level of counts 
incorporated into DNA. Thus, the observation of an initial 
increase in the level of incorporation of counts into DNA in 
the mut7 strain at the restrictive temperature indicated a 
defect in the initiation of DNA synthesis. 

Using the diphenylamine assay, Ord (1980) observed the 
abrupt cessation of the increase im total DNA*in late log 
phaseacultures of muUt7 strains following a ishuieetoethe 
restrictive temperature. ‘This result would vindicate a detect 
in the elongation of DNA synthesis. An explanation for the 
discrepancy between Ord's results and the results presented 
here is not apparent; however, experimental differences such 


as the growth phase of the cultures and the type of assay 
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used may be important. 

An interpretation of the DNA synthesis data as being 
indicativesofvan initiation rathertthan elongation defectris 
supported by the cell-division-cycle parameters shown by 
mat Pestrains. SThespositi onectstheamuts -executi6onepointmat. an 
early stage of the cell cycle is consistent with the 
interpretation that this mutant is defective in the 
initiation of DNA synthesis. The mut7 execution point was 
within the range defined by previously studied cdc mutants 
which are defective in the initiation of DNA synthesis 
(Hartwell et a/J., 1973). In addition, the terminal phenotype 
of mut7 is similar to the terminal phenotype of another cdc 
mutant which is also defective in the initiation of DNA 
synthesis, cdc2. Thus, the terminal phenotype and the 
execution point of mut7 are consistent with a defect in the 
initiation of DNA synthesis. 

Determination of the amount of residual DNA synthesis 
OceUrEINng im AemUt7 VouLtcUre, af tersanshireeiromy the 
permissive to the restrictive temperature would allow 
furthertcharacteri zation of theamut7 anitiaticnedetecr. A 
complete or general initiation defect, as in the case of 
cdc4 and cdc7 (Culotti and Hartwell, 1971), would be 
expected to result in a small amount of residual synthesis 
associated with the completion of rounds of DNA synthesis 
already in progress. An incomplete or replicon-specific 
initiation defect would be expected to result in a larger 


amount of residual synthesis associated with the continued 
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replication of a portion of the genome. As an example of 
this type of mutant; »cdc?) fails’ to replicatevaerandom 
fraction (about 1/3) of its chromosomes at the restrictive 
remperature bute onceminetiationshassoccurred ons aepartictlar 
chromosome, replication proceeds normally to completion 
(Conrad and Newlon, 1983). Thus, the amount of residual DNA 
Synthesissoccurringmin an tre btiat 1onadetect1vesemucantectrain 
unde rs restrictiverconditiomsiiswindicativersor thestyoesct 
initiation defect present. 

From the data presented here, estimation of the amount 
of residual DNA synthesis occurring in a mut7 culture after 
a shift from the permissive to the restrictive temperature 
may be inaccurate for two reasons. First, the specific 
activity of the nucleotide precursor pools may vary between 
wild-type and mut7 strains at the restrictive temperature, 
S6°C;rMaking axdirectecomparison of radioactivescounts 
incorporated into DNA between wild-type and mut7 cultures 
invalid. The specific activity problem posed by 
radioactively labelled cultures could be avoided by using a 
fluorescence assay for DNA to accurately calculate the 
ameuntloL DNAWin each ut7 “dumbbell” cell at the 
restrictive temperature. 

Second, because nucleic acid synthesis kinetics were 
measured in mut7 strains containing mitochondrial DNA, the 
level of nuclear DNA synthesis may be overestimated if 
mitochondrial DNA synthesis is uninhibited in mut7 strains 


at the restrictive temperature. In the case of cdc2, which 
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is defective in the initiation of DNA synthesis, studies in 
Strains with mitochondrial DNA led to a 30% overstimate of 
the level of nuclear DNA synthesis because mitochondrial DNA 
Synthesis was uninhibited at the restrictive temperature 
(Conrad and Newlon, 1983). The DNA synthesis kinetics from 
cdc2 strains are almost indistinguishable form wild-type 
when mitochondrial DNA is present (Hartwell, 1973), whereas 
they are inhibited relative to wild-type when mitochondrial 
DNA is absent (Conrad and Newlon, 1983). In cdc2 strains 
Lagkingemitoehondrial “DNATtheskimetics@ol incorporaticmeot 
counts into DNA are similar to the kinetics observed in mut7 
strains containing mitochondrial DNA. At the restrictive 
temperature, 36°C, both show cessation of further 
incorporation after an initial exponential increase of about 
2 hours duration. This similarity in DNA synthesis kinetics 
may indicate that mitochondrial DNA synthesis is inhibited 
in mut7 strains at the restrictive temperature. However, in 
order to determine the effect ,;sif “any, of mut7 on 
mitochondrial DNA synthesis, studies on strains without 
mitochondrial DNA would have to be compared to the results 
presented here. 

Discussion sohwa possible rele sor ithe Wwue7 egenei product 
u6 limited by the lack “of *informatiom concerming tthe 
mechanism of the initiation of replication in S. cerevisiae. 
Furthermore, procaryotic studies may not provide useful 
models for the mechanism of initiation of replication in 


eukaryotes; the organization of eukaryotic DNA into 
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chromatin and chromosomes shows greater structural 
complexity than the organization of procaryotic DNA 
(reviewed in Fangman and Zakian, 1981). Thus, it is 
difficult to speculate as to what the mut7 gene product 
derectenmayybesiromatheselinmtralustucies: 

Complementation testing confirmed that mut7 is not 
allel vcAwithrcdocinthrough cdcssyGandscdcdo: (vonesonstel 
unpublished data). Recently isolated cdc mutants have not 
been tested for allelism. These mutants include those which 
are defective in the "Start" event (Reed, 1980), and the 
eollectiron ot, cold=sensitivescocmmutants® whichtare 
defective in the elongation of DNA synthesis (Moir et al., 
1982). Because these mutants do not share any phenotypic 
Similarities with mut7 they are not expected to be allelic 
with mut7. To ensure that intragenic complementation was not 
occurring, the segregation of alleles in genetic crosses, 
between mut7 and mutants with phenotypic similarities to 
mut7, was observed. All alleles tested, including cdc2, 
cdc4, cdc7, dbf5, dbf6 and rna6, were found to segregate 
undependentlysfrom=theymut7 “allele. Thus, (the ymuc7vallele 
appears to define a previously undescribed cdc locus. 

The spontaneous reversion rates in wild-type and mut7 
strains at two different alleles were measured at the 
permissive and semi-restrictive temperatures to determine if 
the mutator activity of mut7 could be enhanced as the 
temperature was raised. The reversion rates of wild-type 


strains derived from the same tetrad as the mut/7 strains 
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were measured and served as controls; the wild-type 
Spontaneous reversion rates for both alleles tested agree 
with compartment test data obtained previously (Quah et a/., 
1980). It was found that the mutator activity of mut7 was 
enhanced by raising the temperature to the semi-restrictive 
temperature, 30°C, from the permissive temperature, 25°C. 
Under the same conditions, the spontaneous mutation rate of 
wild-type did not increase significantly. Compartment test 
data for mut7 at the semi-restrictive temperature, 30°C, 
showed an increase over wild-type at the same temperature in 
the production of all types of revertants observed with the 
strongest effect “obsesved atethe /ysi alocus. Purthermore, 
data for mut7 at the semi-restrictive temperature showed an 
increase over mut7 at the permissive temperature in the 
production of all types of revertants observed with the 
Strongest effect being observed at the /ys7 locus. Thus, the 
Spontaneous mutation rate was shown to be enhanced when the 
mut7 gene product was partially inactivated. 

The approximately wild-type growth rate of mut7 strains 
at the permissive “temperature, 925°C, °may indieate that the 
mutator phenotype displayed by mut7 strains at these 
temperatures results from defective attempts at the 
initiation of DNA synthesis rather than the failure to 
initiate. However, it is the failure to initiate DNA 
synthesis which apparently results in the temperature 
sensitive cell-division-cycle phenotype of mut7 strains at 


the restrictive temperature, 36°C. 
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Although the effects of the mut7 allele on the 
production of hisi-7 and ]ys1-1 (locus and suppressor) 
revertants are small-(2--to.4-fold) at: thespermissive 
temperature, they agree with compartment test data obtained 
peeviouslym@¢Tables 1: sS.-KeeQuah, eunpublishedudata)=eThese 
erfectS-areécsutificient to enable the: identificationeofethe 
mut7 allele when it is segregating in genetic crosses. 

The apparent mutational specificity of mut7 for the 
production of revertants at the /Jys? locus itself, rather 
than for the production of ochre nonsense suppressor mutants 
is difficult to interpret because of the lack of information 
about locus revertants of the Jysi-7 allele. Because the 
lysi1-1 allele is suppressed by forward mutations of ochre 
nonsense suppressor loci which encode genes for tyrosine 
tRNAs (reviewed in Sherman, 1981), it is possible that locus 
revertants occur through the mutation of the ochre nonsense 
codon to a tyrosine codon (i.e. TAA % TAPy; Py = 
pyrimidine). Thus, it is possible that the apparent 
Mutat LOnede Spee lil cityecremury? Lon thespeoductiongot Jysi 
locus revertants reflects a preference for the production of 
AT > CG or AT > TA transversion events (von Borstel eft al., 
1973)~ However; 1beiSenot .knownelf aminomacidspother than 
tyrosine are acceptable at this position in the protein and 
furthermore, the effects of neighbouring base pairs on 
reversion rates in S. cerevisiae are not known. Thus, 
without further information about /ys? locus revertants it 


is not possible to determine the nature of the mutational 
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SDeCIElCutyoe i ifany ets the! myt7ealleles 

Discussion of the mutator phenotype of mut7 in light of 
the cell-division-cycle phenotype of mut7 may provide 
information on the mechanism of the mut7 induced mutator 
activity. Mut7 was interpreted to be a Cdc mutant which is 
incompletely defective in the initiation of DNA synthesis at 
the restrictive temperature. It is difficult to imagine” how 
an initiation defective mutant could produce enough 
spontaneous mutations directly through defective replication 
to account for such a general mutator effect. Furthermore, 
ve ishditfieultmpooimagine thowpancimeitiation detective 
mutant could produce enough lesions to increase the 
Spontaneous mutation rate through the use of a mutagenic 
repair process. Perhaps the inhibition of the initiation of 
DNA replication produces a stage where the DNA is 
particularly susceptible to damage. In this way, mut7 could 
indirectly cause tthe productionsvof many lesions which, w= 
Fequiring a mutagenic process for repair, could perhaps be 
numerous enough to account for the increase in the 
spontaneous mutation rate. Preliminary results which 
indicate the presence of DNA damage in mut7 strains include 
a hyper-recombinogenic phenotype at the permissive 
bemperaturepe2o°Ca( 0rd, eMsSe. 5 thesis sUnivecsiuryeot Alberta, 
1980) sand dttficulty*invtherisolatronvot 
high-molecular-weight DNA at the semi-restrictive 


temperature, 30°C (S.K. Quah, unpublished observations). 
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A further possibility is that the MUT7 gene function 
Maye be srequi sed Sfor vthe nitration tereaccurate DNAUrepair 
processes as well as the initiation of chromosomal DNA 
Synthesis. This type of repair deficient mutant would be 
expected to be sensitive to various DNA damaging agents; 
however, mut7 strains are not sensitive to UV or 
gamma-radiation, and are only moderately sensitive to MMS 
(Nasim and Brychcy, 1979). Thus, the MUT7 gene function may 
be required for the initiation of accurate repair processes 
following the production of DNA damage by select agents. 

A direct approach to the problem of the mechanism(s) of 
spontaneous mutagenesis, and its enzymology, in S. 
cerevisiae has not been attempted and therefore, this 
research is currently at the level of general genetic 
characterization. Because S. cerevisiae may share some 
Similarities with procaryotes, the mutator effects of mut7 
will be discussed in relation to mechanisms of spontaneous 
mutagenesis in E. coli. 

In response to conditions which damage DNA or inhibit 
DNAcreplication, E. coli exhibits phenomena, including the 
enhanced capacity for DNA repair and mutagenesis, which are 
collectively termed induced SOS error-prone repair (reviewed 
in Little and Mount, 1982; Witkin, 1976). According to the 
SOS repain model, the suppression of the fidelity of DNA 
replicatiom occurs under «DNA damaging conditions as an 
adaptive mechanism to enable translesion Synthesis to take 


place. One of these SOS repair inducing conditions which 
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inhibits DNA replication is high temperature treatment of a 
temperature sensitive dnaB mutant defective in both the 
initiation and elongation of DNA replication (reviewed in 
Watkin, 976s" Carllet=rauqueteandrDefaise 97 7)eeThe 
mechanism whereby dnaB induces SOS error-prone repair may 
involve the extensive damage of DNA because degradation of 
DNA is known to occur in some dnaB strains at the high 
temperature (Buttin and Wright, 1968) and DNA damaging 
agents are known to induce SOS error-prone repair. 

Both dnaB of E. coli and mut7 of S. cerevisiae are 
mutator mutants which are also defective in the initiation 
of DNA synthesis. Thus, dnaB is the closest procaryotic 
analogy to mut7 at this time. However, the mutator phenotype 
of dnaB may be the result of its elongation defective 
phenotype rather than its initiation defective phenotype. If 
dnaB and mut7 share similarities, the mutator activity of 
mut7 may be due to an error-prone repair process which is 
functioning in response to DNA damage caused by the 
inhibition of the initiation of DNA replication. Because the 
mutator activity of dnaB is dependent on the induction of an 
error-prone repair mechanism, it is necessary to explore the 
evidence for the existence of an analogous type of repair in 
S. cerevisiae. 

An examination of the SOS error-prone repair model of 
F. coli has been attempted in S. cerevisiae through the 
analysis of UV-induced mutation in mating experiments 


between irradiated and unirradiated haploid strains 
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(Lawrence and Christensen, 1982). At least 40% of the 
UV-induced mutations were found to occur in what was 
Originally the unirradiated nucleus, thus implying a general 
reduction in the fidelity of DNA replication. Lawrence and 
Ghristensens01982) (weresunablestolfind an vinducitblestactor 
which could be responsible for the reduction in DNA 
replication fidelity and they therefore, proposed a model of 
limited fidelity to explain their observations. By this 
model, untargeted mutations arise in the unirradiated 
nucleus as a consequence of the saturation of the repair 
processes which normally maintain fidelity, ratherethan by 
the induced reduction in DNA replication fidelity which 
occurs aS an adaptive response to DNA damage in E£. Coli. 

Although it is debatable at the present time as to 
whether the mutagenic repair processes in S. cerevisiae are 
constitutive or inducible, the model of the mutator activity 
of mut7, which has been developed from the interpretation of 
its cell-division-cycle phenotype, may be accomodated in 
either case. The main features of this model are that DNA 
damage, which is caused by the replication block, either 
requires a mutagenic process for repair (constitutive model) 
or induces error-prone repair (inducible model), resulting 
in the enhanced production of mutations distributed 
EHrOUugHOULe the genome. 

In order to testethis modél it will be mecessary to 
identify whether or not DNA damage and untargeted 


mutagenesis are enhanced in mut7 strains. Experiments to 
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determine whether or not DNA damage is enhanced in mut7 
Strains would include analysis of the structure of the DNA 
by alkaline and neutral sucrose gradients to detect strand 
breakage, and by electron microscopic observation to detect 
Structural abnormalities such as localized denaturation. 
Furthermore, 1£ DNA damage is enhanced in mut7 strains, it 
would be important to correlate an increase in the extent of 
this damage with the enhanced mutator activity of mut7 at 
the semi-restrictive temperature, 30°C. Experiments to 
determine whether or not untargeted mutagenesis is enhanced 
in mut7 strains could be tested through mating experiments 
which would be analogous to those performed by Lawrence and 
Christensen (1982). Matings between haploid mut7 strains 
where one parent has been pulse treated with the restrictive 
temperature and then rescued by mating to an untreated 
parent, would enable the determination of the proportion of 
untargeted mutagenesis by measuring the reversion rate of a 
Particular allele im the Untreated nucleus. Of course, Chis 
experimental approach depends on the mutation rate being 
enhanced by the pulse treatment of one of the parent 
strains. 

In conclusion, mut7 was characterized in the manner of 
a cell-division-cycle mutant in order to provide information 
which would be useful in the identification of the mechanism 
by which mut7 increases the spontaneous mutation rate. Mut/ 
was found to be defective in the initiation of DNA 


replication at the restrictive temperature, 36°C. These 
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results are most compatible with a model of mut7 acting 
indirectly in producing spontaneous mutations rather than 
acting directly through reduced fidelity during DNA 
replication. Although the question of the mechanism by which 
mut7 exhibits its mutator phenotype remains unanswered, the 
possibility exists that this may be related to its 


concomitant cell-division-cycle phenotype. 
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